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Abstract
Viscous flow around an oscillating vertical cylinder with a disk attached at keel is
studied in detail by direct numerical simulation based on finite difference method.
Over the range of flow parameters investigated, viz. KC from 7.5 × 10−4 to 0.75
and β = 1.585 × 105, three shedding modes were observed. These modes, named
independent, interactive and uni-directional, are found to be governed by both flow
parameters (KC, β) and the geometry of the disk, such as aspect ratio, td/Dd. The
mechanism for the initial condition dependence of the asymmetric uni-directional
vortex shedding is analysed. The effects of KC number and aspect ratio of the disk
on the vortex shedding angle are also presented.
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1 Introduction
Vortex shedding flows induced by oscillating sharp-edged bodies have at-
tracted renewed attention in recent years due to their engineering significance.
One such application in offshore engineering is a classic spar platform with
a circular disk attached at the base, or a truss spar with heave plates. The
main purpose is to enhance the damping mechanism during resonant heave
oscillation of the spar, which may induce excessive fatigue stresses on risers.
The two main governing parameters for small amplitude oscillatory flow in-
duced by the oscillation of a bluff body with sharp edges are the Keulegan-
Carpenter number (KC) and the frequency parameter (β). They are defined
as:
KC =
2πa
Dd
(1)
β =
(Dd)
2f
ν
(2)
where Dd is the diameter of the disk, a and f are the amplitude and frequency
of the oscillation respectively and ν is the kinematic viscosity of the fluid. One
can obtain a Reynolds number based on the maximum velocity of oscillation
as:
Re = (KC)β =
aω(Dd)
ν
. (3)
Singh (1979) studied a number of two-dimensional flows past oscillating nor-
mal flat plate with two edges shedding vortices. It was found that the vorticity
from one edge tends to migrate around the body to join with the vortex of the
same sign growing on the opposite edge. The vortex pairs eventually convect
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away from the edge at an angle of about 45◦. The flow visualization exper-
iments of Singh (1979) showed that once the pattern of vortex shedding is
established it remains fairly regular and stable over a large number of flow
cycles. However, at very low values of KC, diffusion of the vortices into each
other is so rapid that little or no convection was seen.
Based on the discrete vortex method, Graham (1980) showed that the pattern
of vortex shedding from a two-dimensional isolated edge consists of one vor-
tex pair of approximately equal and opposite strength shed per cycle. Since
equalization of vorticity does not necessarily occur at the end of the second
vortex formation, the pairing process splits the second vortex sheet leaving a
smaller amount of residual vorticity to be engulfed by the next strong vortex
(Graham, 1980).
Assuming that vortex shedding is locally two-dimensional, De Bernardinis et
al. (1981) extended the method of discrete vortices to axisymmetric flows. Flow
visualization experiments with an oscillating disk of 0.04 m radius and 1.6×
10−3 m thick fixed to the end of a long thin rod, confirmed that the numerical
method predicts the dominant features of the flow for KC ∼ O(1). In this
range, the displacement of particles in the undisturbed flow is comparable to
the scale of the body. The result showed that axisymmetric oscillatory flows
around slender disks were quite similar to the two-dimensional isolated edge
flows. Vortex pairs formed during one cycle convected uni-directionally from
the disk, and the direction was dependent on the starting direction of the flow.
Thiagarajan (1993) presented a series of flow visualization results of edge
flows associated with oscillating disks of different thickness using a particle
image velocimetry (PIV) technique. For a disk with two edges, at low KC
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and β < 10, 000, the flow was found to be symmetric about the mean position
of oscillation. The gross features of the flow were found to be periodic and
repeatable. Vorticity shed from the edges was found to roll up into vortex
rings, which do not convect away but are rapidly annihilated during flow re-
versal. However, for a thin disk with a tapered edge, an asymmetric vortex
shedding pattern similar to De Bernardinis et al. (1981) was observed. Vortex
shedding occurred at a large angle, in either positive or negative direction de-
pending upon the starting condition. Thiagarajan (1993) noticed a difference
in strengths of two consecutive vortices forming a pair, and interpreted that
as due to a longer time period available for one of these vortices to develop
depending on the starting direction of the oscillation.
It is apparent that the previous investigations of the vortex shedding flow of
cylinder+disk configuration are mostly based on only one geometry (for both
cylinder and disk). Many issues associated with the complex vortex shedding
flow regimes have not been addressed. Several issues of interest to offshore
engineering community concern high frequency heave oscillations of a vertical
cylinder with a disk require further investigation. These include the identifi-
cation of vortex shedding flow regimes, effects of flow parameter (e.g. KC)
and the geometry of the disk such as aspect ratio, td/Dd (td is the thickness of
the disk) and Dd/Dc (Dc is the diameter of the cylinder), more importantly,
associated hydrodynamic characteristics of the configuration.
A systematic study of axisymmetric vortex shedding flow of oscillating cylin-
der+disk in different KC and aspect ratio, e.g. the transitions of the different
vortex shedding modes, mechanism associated with the uni-directional vortex
shedding mode, has not been attempted. Unlike the discrete vortex method,
the present study adopts direct numerical simulation. Without the inviscid
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flow limitation, this method is able to obtain great details of the effects of the
diffusion on the cylinder+disk flow in wide ranges of the flow parameters and
the geometry of the disk, in particular the very low KC number flow. Dif-
fusion and convection effects, which are significantly dependent on KC and
aspect ratio of the disk, and consequently determining the vortex shedding
behavior, are analyzed. Based on the numerical flow visualization the flow of
cylinder+disk is then classified into different vortex shedding regimes in terms
of KC number and the aspect ratio of disk. The mechanism for the initial
condition dependence of the uni-directional vortex-shedding is also discussed.
Effects of KC and aspect ratio on the shedding angle are also presented.
2 Theoretical formulation and numerical method
2.1 Governing equations
The flow generated by a vertical cylinder with a disk oscillating along its axis
can be idealized as axi-symmetric by neglecting some three-dimensional ef-
fects (see figure 1). The governing equations for the time dependent unsteady
flow are the continuity and the Navier-Stokes equations for an incompressible
viscous fluid. The axisymmetric coordinate system shown in figure 1 is fixed
to the bottom open boundary with positive axes pointing right and upwards.
The non-dimensional form of the governing equations in cylindrical polar co-
ordinate system (r, y) are written as:
1
r
∂(ru)
∂r
+
∂v
∂y
= 0, (4)
∂u
∂t
+ (V · ∇)u = −∂p
∂r
+
1
R′e
(∇2u− u
r2
), (5)
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∂v
∂t
+ (V · ∇)v = −∂p
∂y
+
1
R′e
(∇2v), (6)
where V = (u, v) is the velocity vector, (u, v) denote the radial and axial
components of velocity respectively, t the time, and p the dynamic pressure.
In this paper, the governing equations and all physical quantities are presented
in a non-dimensional form. R′e = (R
√
Rg)/ν in Equations (5) and (6) arises
due to the fundamental variables used in non-dimensionalization, i.e. density
of fluid ̺, acceleration of gravity g, and radius of the cylinder R.
In order to decouple the velocity and pressure field in governing equations
(5) and (6) and solve them alternately, the Poisson equation for pressure is
derived by taking divergence of the momentum Equations (5) and (6). This
gives
∇2p = −∂D˜
∂t
− [(∂u
∂r
)2 + (
∂v
∂y
)2 + 2
∂v
∂r
∂u
∂y
]− u
2
r2
(7)
where D˜ is the divergence for axisymmetric flow
D˜ ≡ ∇ ·V ≡ 1
r
∂(ru)
∂r
+
∂v
∂y
. (8)
2.2 Boundary conditions
Since the cylinder with a disk is forced to oscillate sinusoidally along its lon-
gitudinal axis (figure 1) with displacement given by
y(t) = y(0) + a sin(ωt + θ) for t > 0, (9)
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the no-flux and no-slip velocity boundary conditions are imposed along the
oscillatory body surface (figure 2)
u = 0 and v = y˙(t) = aω cos(ωt), (10)
where a and ω are the amplitude and circular frequency of the oscillation re-
spectively. The Neumann boundary condition for the pressure on the cylinder
and disk surfaces is obtained by applying the momentum equations in the
direction normal to the boundary.
On the axis of symmetry (r = 0) the radial velocity is set to zero, and zero
normal derivative is applied for axial velocity, due to the axisymmetric flow
assumption. This gives
u = 0,
∂v
∂r
= 0, and
∂p
∂r
= 0. (11)
Because of the very small amplitude and high frequency heave oscillation,
the disturbance of the free surface is expected to be small, consistent with
experimental observation of Thiagarajan & Troesch (1998). Therefore, non-
linear free surface effects are not included in the present numerical modelling,
but instead a free stream flow boundary condition is assumed, and the pressure
on the free surface is a constant. This gives,
u = 0,
∂v
∂y
= 0, and p = C. (12)
In order to solve the boundary value problem in a finite numerical domain,
free stream velocity conditions are applied to the entire open boundary, i.e.
the zero normal derivative of the axial velocity and the zero radial velocity
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are applied at the far bottom open boundary,
u = 0,
∂v
∂y
= 0. (13)
At the far right open boundary(r ≫ R), the axial velocity and the normal
derivative of the radial velocity are set to zero, allowing for mass adjustment
due to the different mass fluxes at the free surface and the bottom open
boundaries,
∂u
∂r
= 0, v = 0. (14)
Further, static pressure is assumed at far open boundaries,
p = pstatic. (15)
2.3 Numerical procedure
The theoretical formulation for the nonlinear problem outlined in 2.1 and 2.2
is implemented by using finite difference method based on curvilinear coordi-
nates. A non-staggered grid for the velocity and pressure is used in the present
work.
2.3.1 Spatial scheme
The discretization of the convection terms of the momentum equations is of
primary concern due to its non-linear nature. This is particularly important
for high Reynolds number flows since the convection is expected to be the
dominant feature. In the present study, due to the very small KC numbers
and high β, Re is expected to be moderate (laminar or transition). A modified
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second-order four-point upwind scheme proposed by Kawamura & Kuwahara
(1984) is used to discretize the nonlinear convection terms of the momentum
equations,
(f
∂u
∂ξ
)i,j =
fi,j
12△ξ (−ui+2,j + 8ui+1,j − 8ui−1,j + ui−2,j)
+
|fi,j|
4△ξ (ui+2,j − 4ui+1,j + 6ui,j − 4ui−1,j + ui−2,j). (16)
The second-order central differencing is used for all the other terms.
(
∂f
∂ξ
)i,j =
fi+1,j − fi−1,j
2
, (17)
(
∂2f
∂ξ2
)i,j = fi+1,j + fi−1,j − 2fi,j. (18)
Compared to the centrally-differenced schemes for the convective terms, which
may generate unstable oscillations near the zone of flow discontinuities in the
solution, an upwind scheme is discretized based on the characteristic direction
of the flow and does not generate any spurious extreme in the flow domain.
The second or higher order upwind schemes for convection terms and the
second-order central differencing for diffusion terms have been commonly used
to model convection-dominated problems in computational fluid dynamics, es-
pecially high Reynolds number flows. The overall order of accuracy may be
determined by the discretization of either convection terms or the diffusion
terms. In the modified second-order upwind scheme used here, the leading
truncation error is of order (∆r)3 (∆r is the grid spacing) and its coefficient
includes the fourth-derivative. It is well known that a fourth-derivative phys-
ically means short-range diffusion, and plays an important role in stabilizing
the numerical process. It consequently does not affect the physical diffusion in
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the problem. Extensive simulation of Karman vortex shedding flow problem
conducted by Kawamura & Kuwahara (1984) have demonstrated the stability
and accuracy of the scheme.
All the spatial terms in the transformed pressure Poisson equation are dis-
cretized by using second-order central differencing except those on the bound-
aries. The spatial derivatives in the boundary conditions are discretized by a
second-order one-sided differencing, i.e. for left boundary, we have,
(
∂f
∂ξ
)i,j =
−3fi,j + 4fi+1,j − fi+2,j
2
(19)
(
∂2f
∂ξ2
)i,j = fi+2,j − 2fi+1,j + fi,j. (20)
Similar spatial derivatives can be derived for all the other boundaries.
2.3.2 Temporal scheme
The momentum Equations (5) and (6) are marched forward in time by using
a second-order fully implicit scheme (Beaudan, 1994):
3Vn+1 − 4Vn + Vn−1
2∆t
+ Vn+1 · ▽Vn+1 = −▽ pn + 1
R′e
▽2 Vn+1. (21)
The discrete form of nonlinear equation (21) is first solved by using the Gauss-
Seidel iterative method with pressure at time level (n). A solution for pressure
at time level (n+ 1) is then obtained by solving the discrete form of pressure
Poisson equation (7) using Successive Over-Relaxation (SOR) scheme. The
correction term (∂D˜
∂t
) in the pressure Poisson equation is also discretized with
the above second-order time-accurate scheme.
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Unlike the stream function and vorticity formulation approach, the major dif-
ficulty in using primitive variables is to satisfy the continuity equation. Sim-
ilar to the Marker-And-Cell (MAC) method, this is handled implicitly in the
present method. In the discrete form of pressure Poisson equation (7), D˜n/∆t
and D˜n−1/∆t are discretization of −∂D˜/∂t with D˜n+1 = 0 and retained. This
is to ensure that the converged pressure solution resulting from Equation (7)
is such as to cause the discrete form of the continuity equation to be satisfied
at time level (n + 1) although D˜n and D˜n−1 may not be exactly zero due to
computational error occurred during the iteration, i.e. continuity is enforced.
The approach has been adopted by many researchers since Harlow & Welch
(1965).
The governing equations together with the given boundary conditions are
solved as an initial boundary value problem. It is assumed that the flow in-
duced by the heaving cylinder and disk starts from a quiescent state, i.e.
velocity is zero at time t = 0.
2.4 Mesh generation and numerical parameters
Due to the axisymmetric flow assumption, meshes for the simulation of the
flow of heaving cylinder+disk are generated in a rectangular region simply
by an algebraic method. Based on this consideration, the mesh is constructed
in such a way that the node points are concentrated near the cylinder and
disk surfaces and stretched out gradually. As can be seen from figure 3, the
grid is fully orthogonal. The size of physical flow domain and the numerical
parameters ∆r, ∆y, ∆t as well as the number of nodes necessary for the
simulations, are evaluated in order to ensure the stability and to minimize the
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numerical error for each value of the flow parameters. Based on the extensive
numerical tests of Tao et al. (2000) and Tao (2002), the radial and bottom
open boundaries of the flow domain are located at 10R from the cylinder wall
and bottom surface respectively. A mesh of (134× 120) with a minimum grid
spacing of 0.0005R around the sharp edges of the disk in both radial and
vertical directions are used in the numerical simulations. All the calculations
are carried out with a time step ∆t/T = 1/5000.
The mesh is regenerated at each time step according to the forced oscillation of
cylinder+disk. The limiting case, i.e. the minimum non-dimensional thickness
of the disk calculated in this study is 0.002. This implies that there are at
least 4 mesh points located along the disk side boundary.
3 Validation of numerical procedure
The principal steps taken to validate the present numerical procedure are
(1) convergence tests with varying flow domains and mesh parameters (Tao,
2002); (2) comparisons of hydrodynamic damping calculated from the present
numerical method with the experimental results of Thiagarajan & Troesch
(1994; 1998) for a truncated cylinder and cylinder+disk, and these will be
presented in Part II (Tao & Thiagarajan, 2002); (3) flow pattern comparisons
with the flow visualization experiments of Thiagarajan (1993) for the flow of
an oscillating cylinder+disk, and will be presented in this section.
In general, experimental flow visualization is rather expensive and time con-
suming. Compared to the experimental flow visualization, flow visualization
based on well validated numerical procedures can provide more details about
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the flow field, and thus the mechanism of the vortex shedding can be explained
by numerical flow visualization. In order to illustrate the development of the
vortex shedding pattern, the vorticity in a meridional plane is computed by
taking the curl of the velocity field. In the axi-symmetrical case,
ζ =
∂u
∂y
− ∂v
∂r
. (22)
Figure 4 shows results of a test case from the present numerical simulation
(figure 4(a-h) and the experiment performed by (Thiagarajan, 1993). The fig-
ures were equally spaced over one period starting at top dead centre (TDC).
The results were obtained by a disk of 0.609 m diameter and 0.0254 m thick
attached to the bottom of the surface-piercing cylinder of 0.457 m diameter
and forced to oscillate sinusoidally in calm water, which yields to KC = 0.197
and β = 13320. In the photographs in figure 4, the traces of particles indicate
vortex shedding pattern. Although the experimental photographs show par-
ticle tracks while the theoretical results show the instantaneous distribution
of vorticity, the results agree very well in the qualitative sense. The vortices
generated by the two edges of the disk were seen to travel around the disk
edges. The vortex shedding pattern is approximately symmetric about the
mean position of the oscillation with strong interactions between the vortices
of different edges at this particular values of KC and td/Dd(= 4.17 × 10−3).
The presence of secondary vorticity in the ambient flow is clearly visible in
the figure.
4 Observation of the vortex shedding modes
The flow and geometry parameters of this study are tabulated in Table 1.
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Table 1
Geometry and flow parameters
Parameter range
Flow parameter KC 7.5× 10−4 ∼ 0.75
β 1.585× 105
Geometry parameter td/Dd 7.5× 10−4 ∼ 1.642
Dd/Dc 1.333
From the simulations, three distinct vortex shedding patterns emerge depend-
ing on KC and aspect ratio. In decreasing order of disk thickness, they are:
• independent
• interactive
• uni-directional.
4.1 Independent vortex shedding regime
Figure 5(a-h) present instantaneous vorticity contours around the cylinder+disk
calculated at KC = 0.075 and td/Dd = 0.238 equally spaced intervals over
one cycle. The solid and dashed lines represent positive and negative vorticity
respectively.
As can be seen in figure 5, this regime is characterized by strong diffusion in the
flow. Figure 5(a) shows cylinder+disk at its top dead centre, and two vortices
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of positive vorticity formed during previous upstroke are clearly visible. When
the body moves downwards from its top dead centre, two vortex rings of
negative vorticity are shed from the two edges of the disk simultaneously. The
two vortices develop in strength and move further downstream along the side
and upper surfaces of the disk as the body continues its descent to the bottom
dead centre (BDC) (figure 5(b-e)). In the meantime, the vortex ring of positive
vorticity formed below the disk during the previous ascent, convects around
the lower edge and is finally amalgamated with a weak remnant vortex. This
vortex, however, does not convect far away from the lower edge but instead
it remains in the vicinity of the lower edge and is diffused rapidly, while the
vortex of positive vorticity shed from the upper edge during previous ascent,
convects around the upper edge and moves along the upper surface of the
disk. Similar to the vortex of the lower edge, this vortex also remains in the
proximity of the upper edge. At the bottom dead centre (figure 5(e)), the flow
is seen to resemble the mirror image of figure 5(a) with opposite vorticity. As
the cylinder+disk moves upwards, two new vortices of positive vorticity are
shed from the two edges (figure 5(f )). The two vortices of negative vorticity
formed during the downstroke convect around the edges and diffused. Figure
5(f -h) show the flow as the cylinder+disk continues its upstroke, and the
processes are very similar to those that occurred during the first half cycle.
Since the amplitude of oscillation of the cylinder+disk shown in figure 5(a-
h) is very small, the maximum displacement of particles in the flow is small
compared to the thickness of the disk. The vortices convect through a very
short distance before being diffused away. It is therefore impossible for vortices
shed from one edge to interfere with the vortices shed from the other edge.
There is no interaction between the vortices shed from the two edges of the
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disk observed, and hence shedding at one edge becomes independent of the
other edge of the disk. Furthermore, vortices shed from each edge of the disk
are diffused rapidly due to a strong diffusion effect. In this regime, the diffusion
process is predominant, convection is weak and occurs only to the extent of
transporting the vortices over very short distances. The flow is symmetric
about the mean position of the oscillation due to the symmetry of the disk
itself and the KC number being small. No interference from the boundary
layer of the cylinder wall is observed.
4.2 Interactive vortex shedding regime
Figures 6(a-h) show the flow at KC = 0.075 and td/Dd = 3.58× 10−2. Again,
the instantaneous vorticity contours are equally spaced over one cycle, start-
ing at the top dead centre. Two rolled up vortex rings of positive vorticity,
which were formed below and alongside the disk during the previous ascent,
are observed. As the cylinder+disk begins moving downwards, two vortices of
negative vorticity are being shed at both edges of the disk (figures 6(b)). The
vortex ring formed at the bottom edge, initially present alongside the disk, de-
velops in strength and moves further downstream, and is finally amalgamated
with the vortex ring of the same negative vorticity formed at the upper edge
during the previous downstroke, compounding its strength (figures 6(c), (d)).
The vortex ring formed at the upper edge moves further downstream along the
upper surface of the disk. At the same time the two vortices of positive vortic-
ity formed during the previous ascent also move downstream around the disk.
At the bottom dead centre, figure 6(e) shows that the flow resembles a mirror
image of figure 6(a) with vortices of opposite vorticity. Figures 6(f -h) show
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the flow as the cylinder+disk continues its upstroke, and the processes are
very similar to those that occurred during the downstroke. It appears that the
vortices formed off one edge of the disk during the first half cycle are almost
symmetric to those formed off another edge of the disk during the second half
cycle about the mean position of oscillation. This is because the length scale
of the local flow around the edges is small, and the vortex formation pattern is
not affected by the presence of the vertical side wall of the cylinder. However,
as the vortices travel away from the edge along the upper surface of the disk,
the remaining weak vortices indeed change direction and move upwards due
to the presence of the cylinder wall. Figure 6(a) clearly shows that the vor-
tex of negative vorticity formed during the previous upstroke does not diffuse
rapidly, but instead is carried around the edge of the disk along with the flow.
The presence of this vortex appears to squeeze the second vortex of positive
vorticity formed around the upper edge, and splits the second vortex into two
vortices of the same orientation. One of these two vortices amalgamates with
the third vortex newly formed around the lower edge and moves down stream
(figure 6(c), (d)). Moreover, it is observed from the present numerical simula-
tion that the presence of the cylinder also leads to skewness of the vortex ring
formed above the disk, and asymmetry is thus introduced in the flow as KC
and β are increased. A similar phenomena were also observed by Thiagarajan
(1993) in his experimental flow visualization.
This regime is an obvious extension to the independent vortex shedding regime,
where the dominant vortex pattern is still symmetric. The main difference is
that the length scale of vortex roll-up increases due to higher KC and smaller
td/Dd, and the interaction of flows due to the two edges becomes important.
Compared to the flow in the independent vortex shedding regime, vortices are
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convected over longer distances and the diffusion process is slower. Both dif-
fusion and convection play an important role in this regime. Periodicity and
repeatability of the flow has been observed in this small amplitude and low
frequency case.
4.3 Uni-directional vortex shedding regime
In contrast to the above two flow conditions, a different vortex shedding pat-
tern, which depends on initial starting condition, emerges when the thickness
of the disk is made small. To examine this further, figure 7(a-h) shows one
cycle of the well developed flow generated by the body at KC = 0.075 and
td/Dd = 1.19×10−3. A stable uni-directional vortex shedding pattern is clearly
visible. The initial condition for this simulation was chosen to be top dead cen-
tre. As the cylinder+disk moves downward from the top dead centre (figure
7(c)), vorticity shed from the two edges is amalgamated immediately and rolls
up into a strong vortex on the leeward side near the upper edge of the disk (fig-
ure 7(b)) since the thickness of the disk being very small. The rolled up vortex
continues to develop, and picks up in strength during its downstroke as shown
in figure 7(b-e). As the flow slows down, the flow at the edges reverses ahead of
the ambient flow due to the presence of the vortex ring. The amalgamation of
the negative vorticity shed off the two edges continues until the cylinder+disk
reaches its bottom dead centre (figure 7(e)). The direct consequence of the
much longer amalgamation process is that the strength of the vortex formed
during the downstroke is much stronger than that in the earlier flow regimes.
As the cylinder+disk moves upwards, positive vorticity is shed from the upper
and lower edges of the disk immediately, with the former being much stronger.
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In contrast to the downstroke the vorticity shed from the upper edge appears
to be ‘blocked’ from travelling towards the leeward side by the remnant of the
negative vorticity shed from the lower edge during downstroke, which instead
forms a second vortex of opposite vorticity. Due to the presence of strong am-
bient vorticity, the second vortex becomes highly skewed as shown in (figure
7(f )). There is no amalgamation of the positive vorticity from the two edges of
the disk as observed during the upstroke. The downstroke vortex is convected
downstream around, and interacts with part of the upstroke vortex to form a
pair that moves away from the edge of the disk (figure 7(g)). With growing
distance from the disk, the second vortex picks up strength and a vortex pair
of about equal strength is eventually formed. This pair together with part of
the upstroke vortex convects away at a large angle below the plane of the disk
(figure 7(h)). Compared to the earlier two flow regimes, the absence of disk
thickness here significantly enhances interaction of the vortices formed during
any two successive half cycles in the uni-directional vortex shedding regime.
The vortices thus formed are of opposite sign, and hence mutual induction and
a strong convection are evident. The formation of the uni-directional vortex
shedding results from the interaction of the vortices shed from the two edges
of the disk with very small aspect ratio. The vortex convection and its depen-
dence on initial condition poses intriguing problem which is pursued further
below.
5 Mechanism of uni-directional vortex shedding
Some differences exist between the observed uni-directional vortex shedding
pattern and those created by two-dimensional flat plate normal to an oscilla-
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tory flow. Asymmetric vortex shedding occurs from a single 2-D isolated edge
normal to an oscillatory flow of small KC number because of the tendency of
the vortex shed in one half cycle to be pulled into a counter rotating pair by
the vortex shed from the same edge on the next half cycle. The resulting ‘wake’
is therefore biased and can go either direction depending on the initial flow
start-up conditions or later disturbances, as demonstrated by Graham (1980)
and Thiagarajan (1993). However, for 2-D normal plate with two edges, one
edge tends to shed vortex in one axial direction and the other edge in the
opposite one leading to ‘diagonal shedding’ or ‘anti-symmetric’ about the two
edges (Singh, 1979). In the present case of a thin disk with two edges the
shedding at low KC tends to be constrained to be an axisymmetric and hence
the diagonal mode is not possible. Further, the tendency to an asymmetric
wake may also be reinforced in this case by the natural instability between
a pair of counter-rotating co-axial vortex rings which tend to ‘leapfrog’ each
other (Graham, 2002).
5.1 Effect of initial condition
The present numerical simulation revealed that the asymmetric uni-directional
vortex shedding always has its origin in either top dead centre (TDC) or
bottom dead centre (BDC) even though the oscillations may not start exactly
at top or bottom dead centre. The initial condition decides the position of the
stronger vortex, and hence the direction of vortex shedding. However, if the
initial condition was chosen at or near the mean position of the oscillation, a
preferential pattern corresponding to vortex shedding from TDC condition is
quickly established. This is in contrast to Thiagarajan (1993), who observed
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no such preference, and either of the two stable patterns were established
based on the extent and distribution of ambient vorticity. This discrepancy
may be due to the existence of the cylinder wall in the present numerical study
introducing a weak asymmetry in the flow at this level of KC number while
the experiments of Thiagarajan (1993) were conducted for a disk attached to
a thin rod. The presence of the cylinder wall suppresses the vortex formation
developing above the disk, and the vortices are ‘forced’ to shed along a large
angle below the disk (negative angle). The stiffness of the rod of the rod+disk
configuration in the experiments of Thiagarajan (1993) may also influence the
flow pattern.
In order to illustrate the effect of the initial condition on the vortex shedding
pattern, the angle of vortex shedding, θ, is defined as the angle between the line
of the disk’s edge to the tangential point of the zero value of the vorticity of the
vortex pair to the radial axis (figure 8). Figure 9 is a plot of the time history of
the vortex shedding angle with different initial conditions, namely TDC, BDC
and mean position of the oscillation. As shown in figure 9, for a fixed KC and
aspect ratio, a monotonic value of vortex shedding angle about 33◦ above or
below the disk depending on the initial condition is eventually reached by all
oscillations. The vortex shedding patterns are found to be established rapidly
after about 2 ∼ 4 cycles regardless of the initial conditions of the oscillation.
The present numerical simulation also leads to the conclusion that it is the
starting position, not the starting direction that will decide the direction of the
vortex shedding, e.g. two oscillations of the same KC and td/Dd with starting
positions near the top dead centre, t/T = 0.1 (downwards) and t/T = 0.9
(upwards), will have the same direction of the vortex shedding, θ < 0.
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5.2 Effect of aspect ratio of disk
Based on earlier discussion, it is to be expected that the formation of uni-
directional vortex shedding will be strongly dependent on the aspect ratio of
the disk, td/Dd.
Figure 10 shows the formation of uni-directional vortex shedding for aspect
ratio, td/Dd = 5.97 × 10−3, KC = 0.075, and initial condition = TDC. The
instantaneous vorticity contours shown in figure 10(a-h) are equally spaced
over one cycle. Compared to the vortex shedding shown in figure 7 for td/Dd =
0.00119 at the same KC number, the length scale of the vortices formed
increases when the aspect ratio of the disk is reduced. Also, a smaller aspect
ratio results in higher strength vortices that are formed over any two successive
half cycles. The vortex pair from lower aspect ratio convects longer distance
away from the disk while reducing its strength by diffusion. This in turn
indicates that convection effects are stronger in the vortex shedding process.
Figure 11 shows the time history of the vortex shedding angle with different
aspect ratios. Again, the top dead centre is chosen as the initial condition of
all three cases shown It is seen that within the uni-directional vortex shedding
regime, for a fixed KC number of 0.075 , the vortex shedding angle increases
with increasing aspect ratios, e.g. 33◦, 43◦ and 53◦ for aspect ratio td/Dd =
7.5 × 10−4, 2.98 × 10−3 and 5.97 × 10−3 respectively. The vortex shedding
patterns are established rather rapidly at all aspect ratios presented in figure
11.
The dependence of the vortex shedding angle (θ) on the aspect ratio of the disk
in uni-directional vortex shedding regime is further illustrated in figure 12. It
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is seen that the vortex shedding angle is more sensitive to td/Dd at smaller
KC. This indicates that the td/Dd dependence of the vortex shedding pattern
is strongly influenced by KC number. For a fixed KC, the absolute value of
the vortex shedding angle increases as td/Dd increases. The vortex shedding
angles for different KC shown in figure 12 tend to reach their monotonic values
respectively before undergoing the transition to interactive vortex shedding
regime with increasing td/Dd.
5.3 Effect of KC
Figure 13 gives the instantaneous vorticity contours equally spaced over one
cycle obtained at a higher Keulegan-Carpenter number, KC = 0.375, with
aspect ratio of the disk td/Dd = 1.19× 10−3. The initial condition chosen for
the calculation is top dead centre. Compared to KC = 0.075 and the same
aspect ratio shown in figure 7(a-h), the strength of the vortices formed are
much stronger due to the higher vorticity level shed from the edges of the disk
at the higher KC. In addition, the higher strength of vorticity shed from the
edges appears to better withstand the effects of diffusion, and thus enhances
the convection process from the two edges of the disk. A small amount of the
positive vorticity shed during the previous upstroke, initially moves around
the newly formed vortex of negative vorticity above the disk, does not diffuse
rapidly as shown in figure 7. Instead it is convected along the upper surface of
the disk until the disk reaches top dead centre. The positive vorticity partly
joins the vorticity of same sign at the shear layer developed along the cylinder
wall as the disk begins its downstroke, and is partly diffused.
Due to part of the positive vorticity being convected around the vortex of
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negative vorticity, the vortex of positive vorticity formed during the upstroke
below the disk is not strong enough to move away from the disk. Instead it
remains in the vicinity of the disk, consequently the pairing process is less
visible than that at KC = 0.075. This is consistently noticed from cycle to
cycle, and the difference in strength of the two vortices formed during the
two successive half cycles is more pronounced. As a consequence, the absolute
value of the vortex shedding angle is considerably larger than that at lower
KC. Figure 14 is a plot which shows that the angle of the vortex shedding
increases from 33◦ to 68◦ as KC increases from 0.075 to 0.375. It is also noted
from figure 14 that the time necessary for the vortex shedding pattern to be
established is longer as KC is increased due to stronger interaction between
the vortices.
At KC = 0.375, as shown in figure 13, the length scale and strength of the
vortices formed above the disk are considerably larger. However, the vortex of
negative vorticity formed during downstroke does not interact directly with the
shear layer of the cylinder wall due to the difference of the diameters of the disk
and the cylinder being much larger than the length scale of the downstroke
vortex. In the meantime, part of the positive vorticity shed from the lower
edge convected around the downstroke vortex will meet the positive vorticity
resulting from the shear layer of the cylinder wall. Therefore, the development
of the wake above the disk is affected by the presence of the cylinder wall,
but the global features of the vortex shedding pattern are not changed by
this interference. As KC continues to increase, Tao (2002) observed that the
length scale of the vortex is large enough to initiate direct interaction between
the downstroke vortex and the shear layer of the cylinder wall. Moreover,
the positive vorticity convected from the lower edge meets the vorticity of
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the much thicker shear layer of the cylinder wall at the upper right of the
downstroke vortex, and a vortex of positive vorticity is thus formed. This
vortex of positive vorticity introduces the skewness in the negative vortex,
and pushes the negative vortex downstream during its upstroke.
Figure 15 shows the dependence of the vortex shedding angle on KC. As can be
seen, within the uni-directional vortex shedding regime, the absolute value of
vortex shedding angle increases as KC increases. Further, the angle of vortex
shedding of all aspect ratios approach the monotonic value about 83◦ in the
present numerical simulation. It is noted that, in the limit of very large KC,
assuming the flow has not become very turbulent, the vortex formed during
the downstroke will start moving as soon as the disk begins the upstroke. Due
to the size of the vortex, the shedding angle will be almost 90 degree, because
the second vortex will not have formed by then. The vortex pairing will occur
at near 90 degree. Thus the asymptotic value of shedding angle at very large
KC is 90 degree. The reverse trend for the aspect ratio, td/Dd = 0.0104 at
KC less than 0.225, is due to the flow undergoing interactive vortex shedding.
Thus the angle shown in figure 15 for td/Dd = 0.0104 at KC < 0.225 does
not represent the vortex shedding angle in uni-directional vortex shedding
regime. It is noted that the monotonic value of the vortex shedding angle of a
cylinder+disk at different aspect ratios as it oscillates at high KC is influenced
by the presence of the cylinder wall. Therefore this value may differ to that of
the flow generated by single disk.
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6 Conclusions
The vortex shedding flow generated by an oscillating vertical cylinder with an
attached disk at low Keulegan-Carpenter numbers has been investigated nu-
merically. A finite difference solution to the axisymmetric Navier-Stokes equa-
tions for incompressible viscous flows has been obtained. The flow is computed
over a range of disk aspect ratio, td/Dd, from 7.5× 10−4 to 1.642 for different
KC numbers in the range from 7.5 × 10−4 to 0.75. Based on the numerical
solution, the following conclusions are drawn from the present study:
Over the range of KC number from 7.5 × 10−4 to 0.75, depending on the
aspect ratio, td/Dd, of the attached disk, the flow field of the oscillating cylin-
der+disk configuration contains three different regimes, corresponding to three
vortex shedding modes, i.e. independent vortex shedding, interactive vortex
shedding and uni-directional vortex shedding. A symmetric flow pattern with
no interaction between the two vortex shedding processes of the two edges
of the disk was found to be the dominant feature in the independent vortex
shedding regime due to very small amplitudes of oscillation relative to the
thickness of the disk, whilst an asymmetric initial condition dependent vortex
shedding pattern was obtained in the uni-directional vortex shedding regime
when the aspect ratio is very small. Between the two flow regimes of indepen-
dent and uni-directional vortex shedding modes, there is an interactive vortex
shedding flow regime in which the vortex formation is substantially affected
by the interaction of the vortices shed from the two edges of the disk due to an
increasing convection effect at moderate aspect ratios. However, the vortices
convecting around the edges do not move away from the disk, resulting in a
marked difference to the flow field associated with the uni-directional vortex
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shedding regime.
The influence of aspect ratio of the disk was found to have the most striking
effect on vortex shedding, especially when the aspect ratio is small. However,
the effect of changing aspect ratio was found to be dependent very strongly
on KC number. The present case of a thin disk with two edges the vortex
shedding at low KC number is found to be uni-directional rather than ‘di-
agonal shedding’ of a 2-D normal plate at low KC number since the flow is
constrained to be an axisymmetric. The direction of the uni-directional vortex
shedding of a cylinder+disk oscillating at low KC is found to be dependent on
the initial start-up condition. The vortex shedding angle is found to increase
as KC number increases, while all values of the vortex shedding angles for
different aspect ratios approach a monotonic value about 83◦ as KC increases
to about 0.75.
Since the interference of the boundary layer of the side wall of the cylinder
may affect the transitions of the vortex shedding regimes at large KC, further
study of the disk flow without the effect of the boundary layer of the cylinder
is needed to examine the vortex shedding modes properly.
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